The overuse of veterinary antibiotics in animal production and the subsequent land applications of manures contribute to the elevated antibiotic resistance in the soil environment. To minimize the risk of antibiotic resistance, it is important to understand the fate of antibiotics and the spread of antibiotic resistance genes (ARGs) from animal production systems to soil. In this paper, we review recent studies on veterinary antibiotic use, the concentrations of antibiotics and the abundance and diversity of AGRs in animal manures and in soil that receives manures or manure composts. The mechanisms of ARG dissemination in the environment are also discussed. Although we focus on China where around 3 billion tons of animal manures are produced and more than 84 000 tons of antibiotics are consumed annually in animal production industries, the problem is worldwide. Approximately 58% of the veterinary antibiotics consumed are excreted into the environment, more than half of which end up in the soil. The abundance of ARGs in manures can reach up to 10 −1 of the 16S rRNA genes. Applications of manures or manure composts can enrich soil ARGs in at least three ways: (i) by the direct introduction of manure-derived ARGs, (ii) by elevating the intrinsic soil ARGs and (iii) by imposing a selection of ARGs with the antibiotics in the manures. We also discuss the need for more stringent regulations on the use of veterinary antibiotics and future research directions on the mechanisms of antibiotic resistance and resistance management.
Introduction
Since the discovery of penicillin heralded the dawn of modern medication, antibiotics have been used as the 'panacea' for the treatment of infection in both humans and animals for decades (Davies & Davies, 2010; WHO, 2014) . The development of large-scale concentrated animal feeding operations (CAFOs) has increased the need for extensive use of veterinary antibiotics in infection treatment, disease prevention and growth promotion (Sarmah et al., 2006; Jechalke et al., 2014; Van Boeckel et al., 2015) . Antibiotics are often included in feed additives at small doses for growth promotion of animals used for meat, which account for large proportions of the global use of veterinary antibiotics (You & Silbergeld, 2014) . However, substantial proportions of the antibiotics administered are excreted in unmetabolized forms or as active metabolites (Sarmah et al., 2006) . There is evidence that antibiotic residues can adversely affect microbial processes in the environment (e.g. nutrient cycling and pollutant degradation) (Sarmah et al., 2006; Jechalke et al., 2014; Larson, 2015) . Antibiotics administrated to animals provide selective advantages for antibiotic resistant bacteria (ARBs) to develop in animal intestines, which end up in the manures and eventually in the environment (Looft et al., 2012; Zhu et al., 2013; Johnson et al., 2016) . Importantly, antibiotic resistance can disseminate readily among microbial populations through horizontal gene transfer (HGT) facilitated by the mobile genetic elements (MGEs) in ARBs, which can compromise the efficacy of antibiotics in animal and human medicine. It is estimated that 7 000 000 human deaths per year worldwide are related to antibiotic resistance (Matthiessen et al., 2016) .
China is the largest consumer of antibiotics for livestock production around the world (Larson, 2015; Van Boeckel et al., 2015; Zhang et al., 2015) . Nearly half of the antibiotics produced in China were applied in animal husbandry (Wang & Ma, 2008; Hvistendahl, 2012) . In China, more than 3 billion metric tons of animal manures are produced each year, most of which are applied on farmlands with very little pretreatment (Wang et al., 2006; You & Silbergeld, 2014) . In some cases, animal manures are composted with agricultural wastes, such as straw, to reduce hazardous effects from manures prior to applications to land. Composting can reduce antibiotic resistance in the manure to a certain extent, although the evidence is not conclusive (Pruden et al., 2013; Peng et al., 2015; Su et al., 2015; Xie et al., 2016b) . Substantial amounts of antibiotics and ARBs are introduced into the soil from the applications of both fresh manures and manure-based composts (Qiao et al., 2012; Zhu et al., 2013) , causing further spread of antibiotic resistance in the soil microbial community. In this paper, by taking China as an example for regions with extensive antibiotic use, we review and discuss recent research findings, limitations and further research needs in terms of the effect of animal manures or manure-based products on antibiotic resistance in soil.
Antibiotic resistance and the antibiotic resistome

Antibiotics and antibiotic resistance
Environmental microorganisms are the main source of antibiotics as well as the concomitant antibiotic resistance (Davies & Davies, 2010; D'Costa et al., 2011) . In natural ecosystems, many antibiotics are also used as signalling molecules at very small concentrations (Yim et al., 2007; Martinez, 2008) . At larger concentrations, antibiotics can be used as a means of 'arming' by microorganisms to outcompete other nearby bacteria (Martinez et al., 2015) . These compounds function by various modes of action, such as attacking the bacterial ribosome, cell wall synthesis and lipid membrane integrity, pathways in the single-carbon metabolism and genomic maintenance (Crofts et al., 2017) . Not all microorganisms are antibiotic producers; those that produce antibiotics have necessarily evolved antibiotic resistance to prevent themselves from being killed or inhibited by the compounds they produce. The resistance strategies include several mechanisms: inactivation of antibiotics through enzymatic modification or degradation of antibiotics, cellular adjustment through protection or overexpression of the drug targets, increase of efflux pumps that export the antibiotics out of the cell and the formation of impermeable barriers to keep the antibiotics out of the bacterial cells (Blair et al., 2014; Crofts et al., 2017) .
Horizontal gene transfer of antibiotic resistance
Antibiotic resistance is not limited to antibiotic producers. The resistance ability encoded by antibiotic resistance genes (ARGs) is transferable within and among bacterial communities through horizontal gene transfer (HGT). This is facilitated mainly by mobile genetic elements (MGEs), such as plasmids, integrons, transposons and gene cassettes. Gene cassettes are small mobile elements that usually have a free circular form consisting of a recombination site and different genes, such as ARGs (Partridge et al., 2009) . Gene cassettes are an important pool of ARGs (Partridge et al., 2009) . Integrons are assembly platforms that can capture circular gene cassettes into their recombination site (Mazel, 2006; Cury et al., 2016; Gillings et al., 2014) . The recombination process can continuously generate an array of genes that encode different functions on the same integron (Gillings et al., 2014) . Five classes of integrons (class 1 to class 5) are mobile and vital in the dissemination of ARGs (Mazel, 2006) . Transposons are DNA sequences that are able to relocate within a genome to chromosomes or plasmids. During their relocation, integrons can be captured to form hybrid sequences that contain elements of transposons, integrons and different genes (Gillings et al., 2014) . Genes located on plasmids are rather mobile because of the gene exchanges between bacteria by conjugations (Cabezón et al., 2014) . These resistance genes and genetic elements are generalized as antibiotic resistance determinants (ARDs).
The process of HGT includes conjugation, transduction and transformation ( Figure 1b) (Luby et al., 2016) . Conjugation occurs between a donor bacterium and a recipient strain, which exchange the transposable genetic elements (Cabezón et al., 2014) . Transduction is mediated by phages that transfer bacterial DNA from former hosts to the current ones, which is eventually integrated into the new bacterial genomes (Penadés et al., 2015) . In most cases, these two processes of ARG transfer involve the participation of MGEs (Wozniak & Waldor, 2010; Penadés et al., 2015) . Exocellular DNA can also be incorporated into bacteria through transformation, which does not necessarily rely on MGEs (Seitz & Blokesch, 2013) . Nevertheless, natural transformation of exocellular transposons, integrons and gene cassettes has been observed in competent bacteria that are able to take up extracellular DNA (Domingues et al., 2012) . The capability of extracellular DNA to be transformed is an important reason why ARGs are recognized as a type of pollutant (Johnston et al., 2014; Luby et al., 2016) . Consequently, antibiotic resistance can be found in bacteria intrinsically resistant to antibiotics and those that acquire the traits through HGT, irrespective of commensals (non-pathogens) or pathogens (Martinez et al., 2015) .
The antibiotic resistome in the environment
Susceptibility of bacteria to antibiotics is a prerequisite for antibiotics to be effective in killing or inhibition. However, contamination of antibiotics in the environment by anthropogenic activities increases the competitive advantage of antibiotic resistant bacteria (ARBs) by gradually reshaping the resistome in the environment (Figure 1a) . The antibiotic resistome in a given environmental compartment refers to all the antibiotic resistance genes, including both the intrinsic and the acquired ones. The resistome encompasses genes that have functions in antibiotic resistance, proto-resistance or precursor genes and cryptic resistance genes, which are silent or expressed at low levels (Wright, 2007; Crofts et al., 2017) . Gene markers of ARDs, mostly ARGs and MGE marker genes, are usually taken as representatives for antibiotic resistance, ARBs and the antibiotic resistome in the environment (Luby et al., 2016) .
The excessive use of antibiotics in animal husbandry and subsequent land applications of animal wastes introduce massive quantities of antibiotics and ARBs into the soil environment worldwide (Williams-Nguyen et al., 2016) . The soil environment, one of the largest reservoirs of microbial communities, plays important roles in the emergence and dissemination of antibiotic resistance, especially with the exogenous inputs of ARD-related contaminants (e.g. antibiotics, ARBs, ARGs, MGEs and even heavy metals or metalloids) (Topp et al., 2013; Peng et al., 2015; Chen et al., 2016a) . Heavy metals or metalloids are also common feed additives as biocides or growth promotors (Pruden et al., 2013; Wang et al., 2013) , which can exert stress on bacteria and select for ARDs through co-resistance or cross-resistance (Baker- Austin et al., 2006) . Heavy metal use in regions with intensive animal production in China and the interactions between heavy metals and ARDs in agricultural systems have been reported in a number of studies (Wang et al., 2013; You & Silbergeld, 2014; Wales & Davies, 2015; Zhou et al., 2016; Yu et al., 2017) and are not discussed further in this review.
Manure production, use and regulations of veterinary antibiotics in China
Manure production in China
Livestock feedlots produce vast amounts of animal manures each year in China. Pigs, chickens and cattle are the main contributors (Yang et al., 2010) . The total amount of animal faeces was reported to be 3.19 billion tons in 2003 (Wang et al., 2006) . In 2008, the number of livestock raised in CAFOs was around 4.83 billion, with an estimation of faeces produced of 0.78 billion tons (Yang et al., 2010) . Around 84% of the manures produced in CAFOs were utilized in agriculture (Yang et al., 2010) . Farmyard manures (FYMs) from individual households are another important part of manure production. In 2008, 1.99 billion tons of FYMs were produced, 76% of which were used in agriculture (Yang et al., 2010) . Composting accounted for 50 and 23% of the manures from the integrated animal farms and household farms, respectively (Yang et al., 2010) . The proportions of manure production by CAFOs and the practice of composting are likely to increase with the shift of animal production to more intensive systems (Van Boeckel et al., 2015) . The increase of CAFOs could result in more use of antibiotics in animal husbandry for regular growth promotion and disease prevention if stewardship of antibiotic use lags behind (Sarmah et al., 2006; Van Boeckel et al., 2015) .
Antibiotic use in animal production in China
The extensive use of antibiotics in animal production dates back to the 1950s (Castanon, 2007; Davies & Davies, 2010) . In China, veterinary antibiotics are used both in the treatment and prevention of diseases and in animal growth promotion. Non-therapeutic use of antibiotics is more prevalent in CAFOs where animal rearing is concentrated and there is a greater possibility of the spread of diseases (Sarmah et al., 2006) . Pigs and chickens are the two main groups of animals that consume veterinary antibiotics in China (Zhang et al., 2015) . China is the biggest consumer of pork in the world, raising nearly half of the planet's pigs (Larson, 2015) .
Information on antibiotic production and use is vital for the evaluation of their effects on the environment. No official data on antibiotic use are currently available in China (Zhang et al., 2015) . By modelling with the maps of livestock densities and reports on the antibiotic consumption in high-income countries, antibiotic consumption in animal production in mainland China was calculated to be 23% of the global consumption in 2010 (Van Boeckel et al., 2015) . However, this estimate might not be accurate because the parameters used in the modelling might be different from those in China. Market surveys were carried out to obtain estimates of antibiotic production and their use in human and animal medicines. In 2005, a total of 210 000 tons of antibiotics were produced in China (Wang & Ma, 2008; Hvistendahl, 2012) . In 2013, antibiotic production and use in China were estimated to be 248 000 and 162 000 tons, respectively (Zhang et al., 2015) . Nearly half (46% of the total antibiotic production in 2005 and 52% of the total use in 2013) was applied in animal industries (Wang & Ma, 2008; Zhang et al., 2015) . China is the largest producer and consumer of antibiotics around the world (Zhu et al., 2013) . According to market surveys, annual consumption of antibiotics in animal industries in China exceeded that in other countries by several hundreds of times (Table 1) . Fluoroquinolones, beta-lactams, macrolides, sulphonamides and tetracyclines are the top five antibiotics consumed in the animal industry according to a market survey (Zhang et al., 2015) .
Regulations on antibiotic usage in animal production in China
Chinese In 2014, China implemented 'Management of Prescription and Non-prescription Drugs for Animals', which has included two lists of veterinary antibiotics that require veterinary prescriptions (MOA, 2013; . However, some of these antibiotics can still be purchased without prescription from chemical companies or the internet by the farmers (Mo et al., 2015) . In addition, limited legislation or regulation is currently available to scale back the overuse of antibiotics in disease prevention or growth promotion.
Antibiotics and ARGs in manures and manure composts
Antibiotics in manures
Small proportions only of antibiotics are absorbed or metabolized by animals, with most of the antibiotics being excreted in faeces.
The daily excretions of antibiotics by swine and cattle in southern China are estimated to be 18 and 4.2 mg day −1 herd −1 , respectively (Zhou et al., 2013) . Annual antibiotic residues in manures can reach 29 000 to 87 000 tons in China (Hao et al., 2015) . In 2013, the total use of 36 antibiotics within the five major antibiotic categories (fluoroquinolones, beta-lactams, macrolides, sulphonamides and tetracyclines) was 92 700 tons, 84.3% of which was veterinary antibiotics (Zhang et al., 2015) . The excreted amount of the 36 antibiotics was estimated to be 53 800 tons, of which 84.0% was produced by animals (Zhang et al., 2015) . According to the data supplied by Zhang et al. (2015) , the average rate of excretion of antibiotics by animals is 58%. Antibiotic concentrations in animal manures were in a broad range from several μg kg −1 to hundreds of mg kg −1 depending on different sampling locations and animal species (Table 2) . This indicates considerable geographical heterogeneity and species-based differences in antibiotic administration. The concentrations of antibiotic residues generally follow the order of chicken manures > swine manures > cow manures (Zhao et al., 2010) . The median and mean concentrations of antibiotics in manures in China were generally comparable to those found in Germany, Austria and Malaysia. However, the maximum concentrations, such as those found in chicken manures from eight provinces in China, were substantially larger than those observed in the latter three countries (Table 2) .
Antibiotics in manure composts
Composting, especially thermophilic composting, could degrade between 50 and 99% of some antibiotics, such as tetracyclines, in the manure (Dolliver et al., 2008; Kim et al., 2010; Pruden et al., 2013) , and reduce the concentrations of antibiotics from mg kg −1 to μg kg −1 or below the MQL (Table 2 ). Higher temperatures and longer duration of the thermophilic phase considerably increase the efficiency of antibiotic reduction during composting (Arikan et al., 2009; Pruden et al., 2013; Mitchell et al., 2015) . However, in some cases, antibiotics such as sulphamethazine, ofloxacin and ciprofloxacin can be recalcitrant to the composting treatment and remain at large concentrations in the composted products (Dolliver et al., 2008; Selvam et al., 2012b; Xie et al., 2016a) . In China, most of the excreted animal wastes enter farmlands unprocessed because there is no regulation on the need for the pretreatment of manure prior to applications to the land (Yang et al., 2010) . Insufficient waste pretreatments and limited methods of complete antibiotic elimination mean that the majority of antibiotics used in animal production industries is discharged into the environment in China, of which approximately 54% is estimated to enter agricultural soil (Zhang et al., 2015) .
Antibiotic resistance genes in manures and manure composts
The administration of antibiotics to animals has been shown to enhance the degree of antibiotic resistance and prevalence of antibiotic resistance determinants in animal faeces (Looft et al., 2012; Zhu et al., 2013; You & Silbergeld, 2014) . Antibiotics administrated to animals for disease prevention or growth promotion place a greater pressure on ARG selection because of continuous exposure at small doses than those for the treatment of diseases that are applied at larger doses but with shorter duration (Marshall & Levy, 2011) . With high-throughput quantitative PCR (HT-qPCR) to quantify 336 ARGs, Zhu et al. (2013) showed that manure samples taken from three large-scale commercial swine farms in China harboured several to tens of thousands-fold more ARGs than those without antibiotic exposure (Zhu et al., 2013) . A metagenomic study showed 30 times more ARG abundance in animal faeces with anthropogenic antibiotic input than those in a pristine region (Tibet) (Chen et al., 2016a) . The abundance of ARGs is usually expressed on the relative scale standardized by abundance of the16S rRNA genes (i.e. the copy number of ARGs/the copy number of 16S rRNA genes). The data from various studies are usually not strictly comparable because of the different methodologies used (Table 3) . With HT-qPCR to measure multiple ARGs, the largest relative abundance of ARGs detected in animal manures from several Chinese regions varied from 10 −3 to 10 −1 , which is comparable to the level found in Finland (10 −2 to 10 −1 ) ( Table 3 ). In contrast, a laboratory-based study in the USA showed smaller abundances, with up to only 10 −4 relative ARG abundance in manures from pigs raised under a controlled environment with or without antibiotic medication (Table 3) . Using quantitative real-time PCR (RT-qPCR) to quantify individual ARGs, the relative abundance varied by several orders of magnitude (e.g. from 10
−5 to 10 −1 for sul genes [sulphonamide resistance] and from 10 −7 to 10 −2 for tet genes [tetracycline resistance]). The largest detection ranges for these two sets of genes were from 10 −3 to 10 −1 and from 10 −3 to 10 −2 , respectively (Table 3) . These variations are not surprising given the different types of manures and different amounts of antibiotic exposure (Xie et al., 2016a) . A considerable proportion of the ARGs in manures was found to be carried by plasmids or integrons, which indicates potentially large risks of HGT to microbes in other environments (Chen et al., 2016a; Ma et al., 2017) .
Many recent investigations on agriculture-associated ARGs have used RT-qPCR to quantify several groups of resistance genes, such as tetracycline resistance genes (e.g. tetG, tetM, tetPB) and sulphonamide resistance genes (e.g. sul1, sul2). Large abundances of these genes were observed in animal manures (Wu et al., 2010; Ji et al., 2012; Selvam et al., 2012a; Cheng et al., 2013; Wang et al., 2015a; He et al., 2016; Li et al., 2016) . However, these groups of genes might account for a small proportion only of the whole antibiotic resistome in manures. In a metagenomic study based on a BLAST search against 373 ARG types in the antibiotic resistance genes database (ARDB), Chen et al. (2016a) identified multiple ARGs responsible for the resistance of tetracycline, aminoglycoside, chloramphenicol, beta-lactam and macrolide in manure from swine subjected to typical administering of antibiotics. The majority of these genes were also detected in animal manures with minimal antibiotic exposure, but at much smaller abundances (Chen et al., 2016a) . Quantitative PCR with high throughput (HT-qPCR), which can survey hundreds of ARGs simultaneously in several resistance groups, revealed that very diverse ARGs conferred resistance to aminoglycoside, tetracycline, macrolide, multidrug, chloramphenicol, beta-lactam and sulphonamide in animal manures and manure-based composts (Zhu et al., 2013; Johnson et al., 2016; Xie et al., 2016a) . Although there is no direct proof at present that these diverse genes all take part in the actual resistance function, their abundances have been observed to correlate positively with the concentrations of some antibiotics in the manures and composts (Zhu et al., 2013; Xie et al., 2016a) .
In addition to ARGs, large abundances of genes for MGEs such as integrons, transposons and plasmids were also detected in animal manures (Cheng et al., 2013; Zhu et al., 2013; Chen et al., 2016a; Johnson et al., 2016; Xie et al., 2016a) . Noticeably, some ARGs co-occurred with integrase genes and insertion sequences as gene cassettes in the manures (Johnson et al., 2016) , which might facilitate the transfer of multiple ARGs through HGT into the general environment. For example, ARGs such as aadA, cmlA1, sul2, dfrA1 and qacEΔ1 were found to cluster with intI1 (class 1 integrase gene) and IS6100-type transposons in the manure or manure compost samples taken from different industrial-sized animal farms in China (Johnson et al., 2016; Xie et al., 2016a) . However, the pattern of cluster formation was different from that found in the manures of laboratory swine with designed antibiotic exposure under a controlled environment in a study in the USA where the most prevalent observation was a gene cluster dominated by bla TEM and sul2 that was closely associated with intI2 (class 2 integrase gene), IS26-type transposons and incN plasmids (Johnson et al., 2016) . It is possible that the formation of AGR and MGE clusters depends on the gut microbiome of animals and the type and amounts of exposure of veterinary antibiotics, which requires further research.
Effects of composting on ARG removal in manures
The process of composting encompasses complex microbial dynamics that depend on the materials and conditions of composting. Therefore, the effect of composting on reducing the manure-borne ARGs varies among different studies (Selvam et al., 2012a; Peng et al., 2015; Wang et al., 2015a; Xie et al., 2016a; Wang et al., 2017) . In a laboratory experiment that uses RT-qPCR to target ARGs, considerable degradation of genes that confer resistance to tetracyclines, sulphonamides and fluoroquinolones was observed in swine manure spiked with the antibiotics chlortetracycline, sulphadiazine and ciprofloxacin after 42 days of composting (Selvam et al., 2012a) . In contrast, in another laboratory-scale study on ARGs in antibiotic-spiked manures, tetracycline resistance genes (tetA, tetC, tetG and tetL), sulphonamide resistance genes (sul1 and sul2) and integrase genes (intI1 and intI2) were enhanced significantly during a thermophilic composting process of 35 days (Wang et al., 2015a) . A survey by Xie et al. (2016a) with HT-qPCR showed a significant reduction in the total abundance of ARG (standardized to 16S rRNA genes) in manures after thermophilic composting (Figure 2 ). In this study, ARGs that confer resistance to vancomycin, sulphonamides and beta-lactams were reduced by more than one order of magnitude in cattle and poultry manures.
The macrolide-lincosamide-streptogramin B (MLSB) resistance genes were also reduced by several times in both manures. In contrast, genes such as tetL (tetracycline resistance), aadA (aminoglycoside resistance) and aadA2 (aminoglycoside resistance) were persistent in both compost products (Xie et al., 2016a) . The latter two genes (aadA and aadA2) had the potential to form gene cassettes with integrons, which increases the possibility of gene dissemination in the environment (Xie et al., 2016a) . Therefore, Figure 2 The antibiotic resistance gene (ARG) abundance in manures and manure-based composts. CM, cattle manure; PM, poultry manure; CC and PC, thermophilic compost product from cattle manure and poultry manure, respectively; MLSB, macrolide-lincosamide-streptogramin B resistance genes. The data were re-analysed from the work by Xie et al. (2016a) .
manure compost can still contain relatively large amounts of ARGs that can spread in the environment (Zhou et al., 2017) .
Effect of manure applications on the soil resistome
The soil resistome
Soil bacteria are not only important sources of antibiotics, but they are also a reservoir of resistance genes (Lang et al., 2010) . The ARBs and ARGs are found in pristine environments, indicating that antibiotic resistance is ancient and predates the modern antibiotic era (D'Costa et al., 2011) . These findings also suggest that there is an intrinsic or natural constituent of resistome in the indigenous bacterial populations of a given environment (You & Silbergeld, 2014) . Applications of organic manures affect the soil resistome by adding new members of ARGs or elevating the abundance of existing ARGs (Su et al., 2014; Udikovic-Kolic et al., 2014; Chen et al., 2016b; Yu et al., 2017) . With the broad influence of human activities on the rapid evolution of modern antibiotic resistance (Finley et al., 2013) , true members of the soil's intrinsic resistome might be difficult to identify.
Modulation of organic fertilizers on the soil resistome
Effect of antibiotics from manure application on the soil resistome. The concentrations of antibiotics in the topsoil that receives manures or composts in China range from below the detection limit to several mg kg −1 (Table 4) . Many of the concentrations exceed the trigger value of 100 μg kg −1 (set by the steering committee of the Veterinary International Committee on Harmonization) that can cause an ecotoxic effect on soil organisms (Li et al., 2011; Huang et al., 2013) . In general, antibiotic concentrations in Chinese studies are considerably larger than those detected in the USA and Malaysia (Table 4) . These concentrations are substantially smaller, however, than those found in the manures because of dilution by the soil matrix and the degradation of antibiotics to a certain extent during manure holding, transport and application. Antibiotics at concentrations of mg kg −1 or even μg kg −1 can inhibit soil microbial activities (e.g. respiration, nitrification and iron reduction) (Toth et al., 2011) . Moreover, small concentrations of antibiotics can still provide a selective pressure on bacteria under either laboratory or natural conditions. For example, de novo selections of resistant Salmonella typhimurium from a susceptible wild-type strain were observed under prolonged incubation (hundreds of generations) with a quarter of the minimal inhibition concentrations of streptomycin (Gullberg et al., 2011) . A small initial fraction of resistant strains (10 −4 ) can also be enriched by small concentrations of antibiotics under prolonged incubation (Gullberg et al., 2011) . The outcome was an increased abundance of the antibiotic resistance strain in the population of S. typhimurium. In many natural environments, small concentrations of antibiotics play important roles in the maintenance and enrichment of the natural resistance (Gullberg et al., 2011; Andersson & Hughes, 2012; You & Silbergeld, 2014) .
The ability of soil to degrade antibiotics could be enhanced by repeated long-term exposure to antibiotics (Topp et al., 2013) . In a macrocosm study, degradation of sulphamethazine and tylosin in soil pre-exposed to these antibiotics was found to be more rapid than that in soil without antibiotic exposure (Topp et al., 2013) . The enhanced antibiotic degradation enriches bacterial populations capable of this process. In the same macrocosm study, a Microbacterium sp. that is able to degrade sulphamethazine was isolated from soil repeatedly treated with sulphamethazine (Topp et al., 2013) . Although accelerated antibiotic degradation could shorten the exposure time of soil to these agents, the enhanced ability of antibiotic degradation implies an enrichment of ARGs, which could be exchanged among bacterial populations through HGT.
Effect of ARGs from manure application on the soil resistome.
Applications of manures or manure composts can enhance the abundance and diversity of antibiotic resistance determinants (Wu et al., 2010; Zhu et al., 2013; Su et al., 2014) . The abundance of ARGs in soil amended with manures or composts is usually more than one order of magnitude less than that in manures or manure composts (Table 3) . This is probably because of the effect of matrix dilution, extinction of some ARG-carrying microorganisms in manures and the degradation of DNA. The largest relative abundances of ARGs in manure-amended soils in China and Finland were around 10 −3 (Table 3) . Following manure or compost applications, there is often a transient response of the soil resistome with an initial substantial enhancement of ARGs or ARBs, which gradually attenuates when no more manure or compost is added (Marti et al., 2014; Riber et al., 2014; Muurinen et al., 2017) . This transient period could be an important window when exogenous ARGs from manures are transferred to microbes in the related niches or environments. However, the situation worthy of more concern is the long-term and repeated applications of manures and composts, which maintains elevated levels of ARGs and antibiotic resistance in the soil. Bacteria that harbour enriched ARGs in the manure or compost might be outcompeted by the indigenous populations and gradually disappear in soil (Marti et al., 2014) . However, some ARGs in the manures can persist through HGT to the indigenous bacteria in the soil (Ghosh & LaPara, 2007; Heuer et al., 2011; You & Silbergeld, 2014) , which can be stimulated by the rich nutrients in the manure or compost (van Elsas et al., 2003) . There are at least three ways whereby amendment of antibiotic-containing manures or composts could increase soil ARG abundances. First, bacteria resident in soil contain intrinsic ARGs that can be enhanced by the organic matter in manures or composts (Udikovic-Kolic et al., 2014) . Second, ARGs from the manure or compost are introduced directly into the soil and survive in soil together with the survival of the host bacteria or through HGT to other bacteria (Heuer et al., 2011; Graham et al., 2016; Xie et al., 2016b) . The third way is enrichment of preexisting ARGs or de novo gene mutation in soil by the selection of antibiotics from the manure or compost (Gullberg et al., 2011) . Therefore, it is important to identify the ARGs that are introduced by manure inputs and those intrinsic members in the soil that are readily enhanced by applications of manure or compost. It is also important to distinguish the ARG members that are enhanced by the overuse of antibiotics from the general soil resistome, which consists of a wide range of ARGs. The ARGs in soil enhanced by different mechanisms might pose different degrees of risk in terms of enabling actual antibiotic resistance, HGT potential and contribution to the possible resistance of infection. A similar situation also applies to MGEs, which have been commonly detected with elevated abundance in soil amended with manure-or sludge-based products (Binh et al., 2009; Zhu et al., 2013; Chen et al., 2016b; Xie et al., 2016b) .
Relation between the soil resistome and human health
Soil antibiotic resistance could have an intimate association with clinical incidences of resistant infections (Forsberg et al., 2012; Graham et al., 2016) . Many clinically relevant ARGs were thought to have evolutionary origins in environmental bacteria (Forsberg et al., 2012; Crofts et al., 2017) . By using a functional metagenomic screen of soil-inhabiting bacteria, a large nucleotide identity (>99%) was observed between resistance cassettes in multidrug-resistant bacteria from soil and those in human pathogens from clinical environments, indicating the occurrence of recent HGT between these microorganisms (Forsberg et al., 2012) . In the screen, two class 1 integrase genes (intI1) were adjacent to the ARGs from both the soil bacteria and clinical pathogens, facilitating a shared mechanism of HGT between these two bacterial groups (Forsberg et al., 2012) . Class 1 integrons, containing the gene intI1, play an important role in the integration of multiple ARGs on the same genetic locus, which generates the multidrug resistance in bacterial genomes. The integrons have been observed as prevalent carriers of multiple ARGs in natural and anthropogenically influenced environments (Ma et al., 2017) . Based on a study with archived soils, manure applications were found to increase the abundance of soil intI1 substantially (Graham et al., 2016) . Antibiotic resistance was found to be more prevalent in eastern Chinese cities with dense populations where antibiotic use in animal husbandry is also the greatest (Hvistendahl, 2012; Zhang et al., 2015) . These observations suggest possible transfers of multiple resistance from soil environments to healthcare facilities, which could be enhanced by land applications of manures subjected to excessive antibiotic exposure.
Direct evidence of ARG transfer from soil environments to human pathogens is still limited (Luby et al., 2016) . Several bottlenecks for ARG transfer from environmental origins to human pathogens have been proposed (Martinez et al., 2015) . However, rare incidence does not mean no risk (Martinez et al., 2015) . Consumption of raw vegetables grown in manured soil has been suggested as a potential pathway of exposure to soil ARGs (Wang et al., 2015b; Zhu et al., 2017) . When multiple ARGs in the bacterial genomes find their way to the plasmids, a worldwide explosion of antibiotic-resistance pathogens or 'superbugs' is only a matter of time, which has been exemplified by worldwide detections of plasmid-carrying mcr-1 coding resistance to colistin (polymyxin E) in different bacterial pathogens (Carnevali et al., 2016; Hu et al., 2016; Liu et al., 2016) . Colistin is a polypeptide antibiotic with broad-spectrum activity against Gram-negative bacteria. It was discovered during the 1960s and discarded in the 1970s because of its toxicity. This antibiotic has been revived as the last-resort antibiotic for the treatment of multidrug-resistant bacteria (Li et al., 2006; Roberts et al., 2015) . Resistance to colistin has first involved chromosomal mutations . Since the first report of plasmid-carrying mcr-1 from animal and human sources in Shanghai, China, the gene mcr-1 has been found in human pathogens, poultry, swine, pork and environmental sources worldwide (Carnevali et al., 2016; Hu et al., 2016; Liu et al., 2016) . The spread of the resistance genes through the food chain, especially through the consumption of pork, has been proposed as an important dissemination pathway that could develop into a worldwide outbreak because the plasmid-mediated mcr-1 has also been detected in healthy travellers (Carnevali et al., 2016; Hu et al., 2016; Liu et al., 2016; von Wintersdorff et al., 2016) . China uses the largest amount of colistin in animal industries in the world . There is an urgent need to control the use of this antibiotic in animal production systems (Brauer et al., 2016; Liu et al., 2016) .
Future directions
Overuse or misuse of antibiotics in the animal production industries poses a great risk to sustainable agriculture and human health worldwide. The risk is greater in China, with a high density of animal production and large antibiotic consumption. It has been predicted that annual human death from antibiotic-resistant infection could reach 10 million by 2050 if the current situation continues (Matthiessen et al., 2016) .
There is an urgent need to manage the use of antibiotics in human medicine and animal production industries. First, this requires a full-scale survey and monitoring by authorities of the consumption of antibiotics in different sectors, as well as the resistance levels around the country. Second, based on these investigations and the current scientific findings, more legislation, regulation and standards for the control of antibiotic use should be established urgently and implemented effectively in China. Stewardship of antibiotics has been proved to be effective in the management of antibiotic resistance in some countries such as Denmark and Australia (Cheng et al., 2012; Graham et al., 2016) . The excessive use of antibiotics in human medicine in China has now been curtailed (Hvistendahl, 2012) . Recently, China launched a 'National Plan to Mitigate Antibiotic Resistance (2016-2020)' to carry out comprehensive management of antibiotic research and development, production and application, and the related environmental aspects (MOH, 2016) . However, antibiotic overuse in animal husbandry is still widespread because of lack of appropriate management options and legislative enforcement (Hao et al., 2015; Mo et al., 2015) . Together with better control of antibiotic use, methods to decrease the incidence of infection by improving the conditions under which animals are raised should be disseminated because there is evidence to suggest that better hygiene can reduce the reliance on antibiotics (Brüs-sow, 2015) . Development of veterinary vaccines has also been suggested as a potential way to reduce antibiotic use (Hao et al., 2015) .
At present, the overall banning of antibiotic use in the animal industries is impractical. Therefore, methods for improving both the efficacy of medicines and reducing the emergence and dissemination of resistance should also be developed. For example, a proper combination of therapies with different antibiotics and or non-antibiotics might help in combating superbugs and in reducing ARGs (Li et al., 2016; Schneider et al., 2017) . To improve the efficiency of antibiotics and reduction of the hazard of antibiotic resistance, it is important to gain a better understanding of the emergence of resistance, transfer pathways, attenuation conditions and the underlying mechanisms. Environmental factors that influence the persistence of potentially harmful ARBs or ARGs in fields should be identified. Many ARGs have been identified based on PCR and metagenomic approaches. However, the actual functions of many of these ARGs in real environments remain largely unknown. The levels of ARG expression in the environment with complex matrices, manure and soil for instance, should also be investigated with transcriptomic and proteomic methods to gain a better understanding of the roles that ARGs play in the ecosystem. In addition, functional metagenomics can be a powerful tool for exploring novel ARGs with no obvious functions in antibiotic resistance based on sequence searching in available databases (Lang et al., 2010; Forsberg et al., 2012; Su et al., 2014) . Proper combination of these technologies and other microbiological methods (see the review by Su et al. (2016) ) could provide clues for resistance intervention or even the discovery of new antibiotic agents (Lang et al., 2010; Ling et al., 2015) .
Properly designed thermophilic composting or digestion can facilitate the degradation of antibiotics and the reduction of resistance genes in animal manures (Youngquist et al., 2016) . More large-scale experiments should be carried out to find optimum conditions to remove or reduce antibiotics and ARGs in commercial composting. Methods of application, such as the incorporation or injection of manure or compost into soil, could reduce the risk of transport of antibiotics and ARGs into runoff, compared with the method of surface broadcast (Joy et al., 2013) .
Conclusion
The soil environment is a natural source of both antibiotics and ARGs. The overuse of veterinary antibiotics increases the risk of ARG dissemination from animal manures to the soil environment. Manure applications affect the soil resistome by introducing antibiotic residues and manure-borne ARGs and elevating the abundance of the soil's intrinsic ARGs. Horizontal gene transfer increases the risk of the spread of ARGs from soil microorganisms to human pathogens. More stringent regulations on the use of veterinary antibiotics are needed to reduce the risk of ARG dissemination in the environment.
